• The adsorption capacity of CSAX for Cu(II) was higher than that of ISX • The removal efficiency of ISX for Cu(II) was better than that of CSAX • For CSAX, more N or S do not mean higher removal efficiency or higher adsorption capacity • The adsorption mechanism of CSAX for Cu(II) is the physical adsorption and ion exchange • CSAX was an alternative to ISX when treating heavy metal wastewater with turbidity
where soil and water have been seriously polluted by heavy metals [1] [2] [3] . Conventional methods for the removal of heavy-metal ions from wastewater including reduction precipitation, ion exchange and adsorption, electrochemical reduction, evaporation, reverse osmosis, and direct precipitation [4, 5] . Among these methods, adsorption is generally preferred because of its high efficiency, easy management, relatively low cost, and especially availability of different adsorbents [6] . Therefore, the search for new highly effective, environmental-friendly and economic-viable adsorbents has become the focus of many studies [7] .
In this respect, many natural polysaccharides and their derivatives containing various functional groups (chitin and its derivatives, modified cellulose, and modified starch, etc.) have gained great interest [8] [9] [10] [11] . Starch is the most abundant biopolymer after cellulose and chitosan. In contrast to cellulose, starch is water-soluble, making it easy to be modified to incorporate active functional groups to improve its applications [12] [13] [14] [15] . In 1970s, Wing et al. reported that insoluble starch xanthate (ISX) prepared by xanthation of a highly crosslinked starch, was effective for removing various heavy metal ions in the aqueous medium [16] [17] [18] [19] . The manufacture process of this derivative as xanthation is a relatively simple, and starch itself is a cheap biopolymer; thus it is manufactured and widely applied. Recently, Chang et al.
have synthesized a novel crosslinked starch-graftpolyacrylamide-co-sodium xanthate (CSAX) by cross--linking, grafting copolymerization and xanthation reaction, and stated that the CSAX is more effective than ISX in removing heavy metal ions [20] [21] [22] .
A comparative study of ISX vs CSAX for the removal of heavy metals would greatly facilitate the choice of the more efficient adsorbent (ISX or CSAX). Cu(II) is a common and highly toxic heavy metal pollutant because it is widely used in paints and pigments, paper and pulp, fertilizer manufacturing, wood preservatives, and metal cleaning. Excessive intake of Cu(II) can be accumulated in the livers of human and animals, which leads to damage of liver and kidney, anemia, immunotoxicity, etc. [23] . The U.S. Environmental Protection Agency (U.S. EPA) requires that copper in drinking water does not exceed 1.3 mg/L. Therefore, in the present work, efforts were made to study the adsorption characteristics of Cu(II) in aqueous solutions onto ISX and CSAX. The two adsorbents were characterized by SEM, XRD, FTIR and elemental analysis. The influence of the element content, adsorbent dosage, solution pH, and contact time on the absorption performance was investigated. In addition, their absorption mechanism, isotherm and kinetics were also studied, which have not been reported in the previous literature.
EXPERIMENTAL

Materials
The cornstarch used was food grade (Tianjin DingFeng Factory, China). Epichloro-hydrin (EPI), acrylamide (AM), and ceric ammonium nitrate (CAN) (AR, Shanghai Chemical Reagent Factory, China) were used as the cross-linking reagent, graft monomer and initiator, respectively. Analytical grade acetone, potassium hydroxide, hydrochloric acid and ethanol were supplied by Hangzhou Chemical Reagent Factory, China. The stock solution of 300 mg/L Cu(II) was prepared using CuSO 4 ·5H 2 O (AR, Shanghai Chemical Reagent Factory, China) and then diluted to appropriate concentrations for each test. Distilled water was used in the polymerization and preparation of the buffer solutions.
Preparation of ISX and CSAX
The synthesis procedure and the chemicals used for the preparation of ISX are described in Wing's study [17] .
Step 1: Preparation of crosslinked starch. 50 g of corn starch was added into 75 mL 1% NaCl solution in a beaker and heated to 30 °C in a water bath. 20 mL 15 mass% KOH solution was added to this slurry, then 3.5 mL epichlorohydrin was added in dropwise. The reaction was kept for 16 h to obtain the crosslinked starch. The product was washed with deionized water and ethanol, then filtered by vacuum and dried at 133 °C for 2 h.
Step 2: Xanthation of crosslinked starch. Prepared slurry with 5 g crosslinked starch and 20 mL distilled water, then heated at 30 °C in a water bath. A mixture of 4 mL H 2 O containing 1 g NaOH and a certain amount of CS 2 were added in the above liquid and stirred for 2 h. The precipitate was washed with distilled water, ethanol, acetone, and dry in vacuum oven at 27 °C to a constant weight.
Three different ISXs were prepared and designated as ISX1, ISX2, and ISX3. The sulfur content in the three different ISXs was controlled by the addition of CS 2 at 0.3 g, 0.7 g, and 1.25 g with 5.0 g crosslinked starch in the xanthation step, respectively.
The synthesis of CSAX was conducted in accordance with the procedure described in Chang's study [20] .
Step 1 was to prepare cross-linked starch, which was the same as step 1 of ISX.
Step 2 was the preparation of cross-linked starch-grafted polyacrylamide (CSA).
3.0 g of crosslinked starch was mixed with 50 mL of distilled water to prepare starch slurry at 80 °C in a water bath. Then, 6.0 g of AM monomer and 10 mL CAN (which was used as radicals intiator) solution (6 mmol L −1 ) were added to the slurry. The experiments were conducted under a nitrogen atmosphere with constant stirring at 35 °C for 3 h (the grafting efficiency reached the maximum value of 72.7% and the molecular weight of graft PAM pendant chain reached 2.67×10 7 ). Then the graft copolymer was washed with acetone to remove the unreacted mono-mer. Afterward, it was filtered and dried at 50 °C in a vacuum oven.
Step 3 was the preparation of CSAX. CSA (1 g) was xanthated by dropwise addition of 3 mol/L NaOH and a certain amount of CS 2 into the sealed conical flask and stirring magnetically at 30 °C in a water bath for 3 h until it turned saffron yellow. The precipitate was washed with acetone (50%) three times, pure acetone one time, filtered and dried at 27 °C to a constant weigh.
As for CSAXs, three different amounts of CS 2 (0.8, 1.7 and 3.5 g) were added with 1.0 g crosslinked starch-graft-polyacrylamide in the process of xanthation to prepare CSAX1, CSAX2 and CSAX3.
Characterization methods X-ray diffraction (XRD) patterns of ISX and CSAX were obtained using a DX-2600 X-ray diffractometer (Dandong Fangyuan Instrument Company, China) operating at 40 kV and 40 mA. The surface morphology of ISX and CSAX was examined using a S-4800 scanning electron microscope (Hitachi, Japan). The FT-IR spectra of ISX and CSAX were recorded on the NEXUS470 (Nicole Instrument Corporation, USA) using the KBr dispersion method. Elemental analysis of dry samples was performed on a Flash EA-1112 elemental analyzer (Thermo Fingnigan Corporation, Italy), and carbon, hydrogen, nitrogen and sulfur contents were determined.
Adsorption experiments
In general, batch adsorption experiments were conducted in 250 mL conical flasks containing 100 mL of Cu(II) solution with the initial concentration of 30 mg/L (unless otherwise stated) and a certain amount of adsorbent. The mixtures were shaken at 180 rpm in a thermostatic water-bath shaker with controlled adsorption time and temperature. After adsorption equilibrium was reached, the solution was filtered and residual Cu(II) and Na + concentrations in the filtrate was analyzed by an AA800 atomic absorption spectrometer (PerkinElmer, USA).
The effect of solution pH on the Cu(II) adsorption was studied in the pH range from 2 to 7 at 298 K. The pH was adjusted using 0.1 M NaOH or 0.1 M HCl solutions. The adsorption isotherm was studied at different initial copper concentrations ranging 30-300 mg/L at 298 K at an initial pH value of 5.3. All our experimental data were the average of triplicate determinations. The relative standard errors of the data were less than 5%.
The amount of Cu(II) adsorbed on the adsorbent (Q in mg/g) was calculated using Eq. Scanning electron microscopy (SEM) was used to study the granular morphology of starch, ISX and CSAX. Figure 1 shows that native starch granules appeared dispersedly with a smooth, oval, regular surface, and had particle diameter with about 10 μm. While the granules of ISX possessed obvious deformations because the cross linking and xanthation reactions led to an altered uneven surface, creating pores and adhension of small particles on the surface, but the particle diameter did not change obviously. CSAX showed a rougher surface, and the particles were conglomerated closely. Inaddition, the granules became significantly bigger than starch or ISX due to graft copolymerization, and particle diameter increased to over 100 μm.
The XRD patterns of starch, ISX and CSAX are shown in Figure 2 . The original starch shows scattering at 2θ 15.18, 17.15 and 23.19°, representing the diffraction peaks of the hydroxyl group, which are characteristic peaks of starch, However, the XRD curves of ISX express traditional "A" style, and only have a wide amorphous diffraction peak at 20.38°, which means that the crystallinity of ISX3 decreased remarkably than natural starch [24] . The diffraction spectrum of CSAX becomes much weaker than ISX, which indicates that its crystallinity was further reduced. It is attributed to the fact that the aggregation phase of original starch was changed from a semicrystalline state to an amorphous aggregation state during the cross-linking and graft polymerization.
The chemical structures of starch, ISX and CSAX were indentified with FTIR spectroscopy (Figure not shown) . For CSAX, a broad absorption band at 3418 cm −1 is due to the -NH stretching of the -NH 2 group (overlapped by -OH of starch). A smaller peak at 2931 cm −1 is assigned to the -CH stretching vibrations. Absorption peaks at 1658 and 1563 cm −1 are -C=O and -C=O (hydrogen bonded) stretching vib- ration of the -CONH 2 groups, and the peaks at 1750 cm −1 is for -COO -stretching. The absorption peak at 2450 cm −1 corresponds to the -SH stretching vibration of the xanthate unit. The -CSSH groups' spectra are displayed in the ranges of 1240-1200 cm −1 , 1140--1110 cm −1 , and 1070-1029 cm −1 . The peak at 883 cm −1 may be attributed to the deformation of -CSS - [20] . Therefore, it is suggested that CSAX was synthesized successfully. For ISX, there were strong characteristic peaks at 1512 cm -1 for -C=S and 853 cm -1 for the -CSS -deformation [17] , indicating xanthate groups were induced on the starch molecular chain.
Elemental analysis of the dry samples shows the different element content of ISXs and CSAXs, and the results are shown in Table 1 . Effect of adsorbent dosage and element contents on Cu(II) removal
The effects of the sulfur content and adsorbent dosage on the adsorption of Cu(II) on ISXs and CSAXs are shown in Figure 3 . It shows that an increase in the adsorbent dosage resulted in an increase in removal efficiency of Cu(II), then the removal efficiency leveled off in all cases. This was due to the availability of more binding sites initially when the adsorbent dosage increased, and then the adsorption equilibrium was reached after a certain dosage.
In Figure 3a , Cu(II) removal efficiency was increased with the increase of sulfur contents in ISXs with the order of: ISX3 > ISX2 > ISX1. At 50 mg/L of adsorbent dosage removal of Cu(II) was found to be 92.29% for ISX3, 82.69% for ISX2 and 78.27% for ISX1, respectively. With 200 mg/L dosage, the removal efficiency for Cu(II) was 99.91, 99.15 and 98.68% for the three ISXs, respectively. It is evident that the difference in Cu(II) removal efficiency of the three ISXs was more significant at low adsorbent dosage, and the removal efficiency was almost the same at high adsorbent dosage. For ISXs, the optimum removal efficiency of 99.89% was obtained at an dosage level of 150 mg/L. Therefore a dosage of ISX, ISX3 with 150 mg/L was used in the following adsorption experiments.
In Figure 3b , Cu(II) removal efficiency did not increase with the increase of the sulfur content in CSAX. However, it increased gradually with the increase of S content from 3.95 to 5.03% and N content from 4.17 to 3.65%, and it declined with the further increase of S content from 5.03 to 8.32% and increase of N content from 3.65 to 3.09%. The Cu(II) removal efficiency may relate to the ratio of N content to S content. When the N content was high (4.17%), it induced a high molecular weight of polymers and segmental overlapping of some grafted chains; when the S content was too low, there were not enough xanthate groups. It was not favorable for the adsorption in both cases. However, the Cu(II) removal was not optimal when the N content was low (3.09%) and S content was high (8.32%). It seems that a balance would exist between the two elemental contents [25] , and only CSAX2 (N: 3.65% and S: 5.03%) exhibited the maximum Cu(II) removal efficiency of 94.17% at the dosage of 50 mg/L. For CSAX1 and CSAX3, their maximum removal efficiency of Cu(II) was 83.1 and 88.07%, which was always lower than CSAX2 even at high dosages. Hence, the following experiments on CSAX adsorption were carried out at the adsorbent dosage of 50 mg/L using CSAX2 as the absorbent. The removal efficiency and adsorption capacity are the two main characteristics for evaluating the adsorption ability of an adsorbent. The adsorption capacity is related to the quantity of effective functional groups, and the removal efficiency is depended on the binding affinity between effective functional groups and metal ions, so a high adsorption capacity does not mean high removal efficiency. For CSAX, there were many grafted pendant chain polyacrylamides [26] , the amide groups can bind Cu(II), and the removal efficiency of crosslinked starch-grafted polyacrylamide(CSA) for Cu(II) was 76%. In CSAX, there were not only amide groups but also xanthate groups, and the append -CSS -groups increased the removal efficiency to be above 90%. The adsorption capacity was 567.42 mg/g for CSAX2, which was much higher than that of 199.78 mg/g for ISX3 at their optimal adsorbent dosages. This was attributed to more functional groups in CSAX2，which included amide groups on the pendant chain and xanthate groups on the starch main chain. However, CSAX2 showed a lower removal efficiency for copper ion than ISX3 although CSAX2 (S: 5.03%) had a much higher surfur content than that of ISX3 (S: 2.46%). The reasons may be: first, the binding affinity of amide group for Cu(II) was weaker than the strong ligand -CSS -groups, because the bond atom in -CSS -groups was S, the chelate complex formed between metal ions and S was very stable, and the solubility product (K sp ) values of metal sulfides are the lowest in all insoluble metal salts and metal hydroxides [27] ; second, the steric hinderance effect of polyacrylamide pendant chains in CSAX inhibited the chelation of Cu(II) and -CSS -groups, and greatly reduced the utilization of -CSS -groups, which was much lower than that of ISX. That's also the reason that the removal efficiency for Cu(II) reached 99.91% at high dosages of ISX3 with only -CSS -groups.
Effects of pH on Cu(II) removal
The influence of the initial pH on the adsorption of Cu(II) onto ISX and CSAX was examined in the pH range of 2.0-7.0 (Figure 4) . Copper is present in aqueous solution in the forms of Cu 2+ , Cu(OH) + or Cu(OH) 2 . At pH ≤ 5, Cu(II) ions are the main species in the solution [28] . In Figure 4 , it can be seen that the removal efficiency of Cu(II) of ISX or CSAX attained 45-55% even at pH 2; this was because the pKa value for the xanthate-xanthic acid dissociation was reported to be 1.70 [29] . The xanthate groups existed in the form of CSS -at pH 2, which could bind Cu(II) through electrostatic attraction. When pH increased, more xanthogenic acid groups of absorbents could ionize to negative xanthogenic acid radical groups, so that the chelation between xanthogenic acid radicals and Cu 2+ increased, leading to high removal efficiency of Cu(II). When pH exceeded 4.0, the capacity of CSAX increased still while that of ISX kept constant. The effect of pH can be explained by pHpzc values. The pHpzc of ISX and CSAX are 7.16 and 7.93, respectively. When pHs of solutions were lower than pHpzc of ISX or CSAX, the surface of the adsorbents was positively charged and unfavorable for binding Cu
2+
. Generally, the net positive charge decreased with increasing pH value and leaded to decrease in the repulsion between the sorbent surface and metal ions, thus the adsorption capacity was enhanced. The removal efficiency of Cu(II) of ISX or CSAX attained 45-55% even at pH 2, indicating that initial pH has much smaller influence on ISX or CSAX because of the presence of strong acid xantate groups that are difficult to be protonated. These negative groups have high affinity for the binding of positive charged metal ions, even at a relatively low pH, probably by means of the ion exchange [30] .
In order to study the probable mechanisms for Cu(II) interaction with ISX and CSAX, concentrations of Cu(II) and sodium were detected before and after the absorption. When copper concentration was removed from 30 to 1.64 ppm (decreased by 0.443 mmol) with 50 mg/L CSAX at pH 5, the simultaneous release of sodium into the filtrate was increased from 0 to 5.89 ppm (increased by 0.256 mmol). The mole ratio (Cu:Na) corresponding to the changes was 1:0.58, and ionic exchanges between Cu and Na did not occur in the theoretical ratio of 1:2. This can be explained as follows: the amide groups on the PAM pendant chains of CSAX can bind Cu(II) as mentioned before, so chemical absorption also contributed to the reaction between Cu ions and CSAX. Moreover, some of the free metal ions possibly remained inside the granule due to the porous and layered structure of CSAX, interacting electrostatically with the starch chains. Therefore chemical interactions and the physical entrapments of Cu(II) could be two additional mechanisms for Cu(II) removal by CSAX. For ISX, Cu(II) concentration was decreased from 30 to 0.58 ppm and meanwhile sodium concentration was increased from 0 to 9.89 ppm in the filtrate with 150 mg/L ISX at pH 5; the mole ratio between Cu adsorbed and Na desorbed was 1:1.9, nearly to the theoretical ratio of 1:2, so the adsorption mechanism for Cu(II) xanthate was mainly ionic exchange.
Adsorption kinetics
The removal efficiency of Cu(II) adsorbed on ISX and CSAX at different time are presented in Figure 5 . The removal efficiency of Cu(II) on ISX and CSAX increased rapidly in the initial stage, and ISX reached equilibrium rapidly at 10 min while it was 60 min for CSAX. This indicates that Cu(II) can rapidly chelate with the xanthate groups of ISX, and the adsorption time of CSAX was relatively long because of the steric effect of graft macromolecules. Pseudo--first-order (Eq. (3)) and pseudo-second-order (Eq. (4)) kinetic models were applied to determine kinetic parameters and explain the mechanism of Cu(II) on ISX and CSAX [31, 32] :
where Q e and Q t (all in mg/g) are the adsorption amounts of Cu(II) on the adsorbent at equilibrium and at any time t, respectively; k 1 is the rate constant of the pseudo-first-order adsorption; and k 2 is the rate constant of the pseudo-second-order kinetics. The experimental data before adsorption equilibrium was used to assess the adsorption kinetics, and the calculated kinetic parameters are tabulated in Table 2 . It is clear that the correlation coefficient (R 2 ) of the pseudo-second-order kinetic model (0.9999 and 0.9997 for ISX and CSAX) is much higher than that of the pseudo-first-order kinetic model (0.9768 and 0.9038 for ISX and CSAX). Besides, the adsorption capacities calculated (Q e (cal.)) with the pseudo-second-order model (200.249 and 556.237 mg/g for ISX and CSAX) are close to the experimental results (Q e (exp.)) (199.124 and 558.010 mg/g for ISX and CSAX). Therefore, the adsorption process of Cu(II) onto ISX and CSAX followed the pseudo-second--order kinetic model for the whole adsorption process. The similar observations were reported on the adsorption of Cu(II) from aqueous solution using adsorbents with active groups，such as phosphate group [24] , amino group [33] , and hydroxyl group [34] . The adsorption capacity of CSAX was higher than ISX, mainly due to its higher molecular mass and more active groups on its surface as discussed above. However, the values of k 2 for ISX were much higher than those of CSAX, indicating that the adsorption rate of ISX was faster than that of CSAX. A reasonable explanation of that is an easier access of the functional groups bound to Cu(II) for ISX than CSAX.
In general, the adsorption process may be described in three steps: mass transfer from fluid phase to the particle surface across the boundary layer, diffusion within the porous particle, and adsorption itself onto the surface. Considering the pseudo secondorder model cannot identify the diffusion mechanism, the intraparticle diffusion model was then tested as:
where k i is the intraparticle diffusion rate constant (mg
−1/2 ) and C is the intercept. The intraparticle diffusion model was utilized to determine the ratelimiting step of the sorption process. If the regression of q t versus t 1/2 is linear and passes through the origin (C = 0), then intraparticle diffusion is the sole ratelimiting step. In the present study, neither of plots passed through the origin and present multilinearity, indicating that three steps take place (figure of Q t versus t 1/2 not shown), the first, sharper portion may be considered as an external surface adsorption or faster adsorption stage. The second portion describes the gradual adsorption stage, where intraparticle diffusion is rate-controlled. The third portion is attributed to the final equilibrium stage, where intra-particle diffusion starts to slow down due to the extremely low adsorbate concentrations in the solution [30] . The values of R 2 , obtained from the plots of intra-particle diffusion kinetics are lower than that of the pseudosecond-order model (Table 2 ) but this model indicates that the adsorption of Cu(II) onto ISX and CSAX may be followed by an intra-particle diffusion model up to 10 min. This indicates that although intraparticle diffusion was involved in the adsorption process, it was not the rate-controlling step.
Adsorption isotherm
In this study, Langmuir, Freundlich and D-R isotherm models were applied to analyze the experimental data. The Langmuir isotherm model, which is valid for monolayer adsorption onto a surface with finite number of homogenous sites, is expressed as follows [36] 
The Freundlich isotherm model, which is valid for multilayer adsorption on a heterogeneous adsorbent surface with sites that have different energies of adsorption, is expressed as follows [37] :
= + e f e 1 lg lg lg Q K C n (7) where Q m is the maximum adsorption amounts of Cu(II) in aqueous solutions at equilibrium (mg/g), b is the Langmuir constant (L/mg), and K f (mg/g) and n are the Freundlich constants.
The parameters of the isotherm models determined from experimental data are summarized in Table 3 . The relatively high correlation coefficients (R 2 in range 0.995-0.999) indicate that the experimental data fitted with the Freundlich isotherm model better than the Langmuir isotherm under the studied concentration range. The value of 1/n was less than 1, indicating favorable adsorption of Cu(II) onto ISX and CSAX. The Freundlich constant K f of CSAX was higher than that of ISX, indicating that the adsorption capacity of CSAX for Cu(II) ions was higher. The D-R isotherm model can be applied to distinguish between physical and chemical adsorption. The linearized D-R isotherm model can be written as [38] :
where K D is the constant related to adsorption energy (mol 2 /kJ 2 ); ε is the Polanyi potential, which is equal to RTln(1+1/C e ); R is the universal gas constant (kJ/(mol K)); T is the temperature (K). The values of Q m and K D which were determined from the slope and intercept of the ln Q e versus ε listed in Table 3 . The relatively high correlation coefficients (R 2 in range 0.979-0.980) reflect that the experimental data agreed well with the D-R isotherm model. The mean free energy of adsorption (E a in kJ/mol), defined as the free energy change when 1 mol of ion is transferred to the surface of the solid from infinity in solution, can be calculated as follows:
It is known that the magnitude of E a is useful for estimating the type of adsorption. If this value is below 8 kJ/mol, the adsorption type can be explained by physical adsorption; if it is between 8 and 16 kJ/mol, the adsorption type can be explained by ionic exchange; if it is between 20 and 40 kJ/mol, it can by explained by chemical adsorption [29] . In this study, the value of E a for ISX was found to be 15.66 kJ/mol, suggesting that the adsorption of Cu(II) onto ISX was typically an ionic exchange process; the values of E a for CSAX was 9.01 kJ/mol, which is near to the limit value with 8 kJ/mol of ionic exchange and physical adsorption, implying that the adsorption of onto CSAX involved both ion exchange and physical adsorption. These conclusions was in agreement with the above analysis of the concentration changes of Cu and Na. Through the above analysis, CSAX had the advantages of the low adsorbent dosage and high adsorption capacity while ISX had a higher removal efficiency and faster adsorption rate even though the optimum dosage of ISX was three times as much as that of CSAX. It should be noted that the production cost of CSAX was relatively high due to the grafting copolymerization and its post-processing treatment, so ISX seemsto be a much better adsorbent compared to CSAX as far as the removal of Cu(II) was concerned.
Treatment of water containing both turbidity and copper ions
The original concentration of Cu(II) in copper solution was 30 mg/L, and the adsorption experiment was carried out at room temperature and pH with 5.3. A certain dosage of kaolin suspension was added in the test solution with the turbidity of 100 NTU. Different dosages of ISX and CSAX were added in the testing solutions, respectively, and the results are shown in Figure 6 . TR is defined as the turbidity removal when water sample contains only turbidity (100 NTU);
CRt is defined as the copper ions removal when water sample contains both turbidity (100 NTU) and copper ions (30 mg/L); CR is defined as the copper ions removal when water sample contains only copper ions (30 mg/L).
It was favorable for Cu(II) removal in the presence of kaolin suspension, and the effect was improved evidently with the increase of CSAX's dosage. The removal efficiency of Cu(II) was up to 96.98% and turbidity removal was 98.28% at the dosage of 50 mg/L. Copper removal efficiency was much higher than the efficiency of 94% for the sample which only contained copper ions.
The major mechanisms of flocculation by polymers are charge neutralization and bridging. For neutral or anionic flocculants, flocculation is caused mainly by polymer bridging [39] [40] [41] . The suspended particulates of kaolin in the testing solution were flocculated by PAM chains on the CSAX polymer due to a large amount of -CONH 2 groups in CSAX, and the floc had the "sweep" function for the insoluble colloidal chelate compounds of copper with CSAX and had the weak adsorption function for soluble copper ions. Moreover, some of its groups would be adsorbed at the particle surface when a CSAX polymer came into contact with a colloidal particle, and the remainder of the molecule (some xanthate groups) stretched into the solution. Adsorption can occur if residual Cu(II) in the solution contacted these extended segments by forming a particle-polymer-chelate compound complex [42] . Furthermore, kaolin itself can work as adsorbent and can remove partially the Cu 2+ from water medium even without the addition of polymer [43] . Therefore, CSAX had good flocculation performance, and the flocculation greatly improved the removal performance of Cu(II).
ISX's removal efficiency of Cu(II) did not change obviously when both turbidity and copper ions contained in water sample. The maximum removal efficiency was still 99.5% and the maximum removal turbidity efficiency was 86% when the dosage was 150 mg/L, as same as that of the water sample which contained only Cu(II). This was much lower than that of CSAX. Because ISX only had starch chain as the bridging unit, it was less effective than PAM chains for removing turbidity.
CSAX was much more effective than ISX for removing turbidity and little less effective than ISX for removing Cu(II) when water sample contains turbidity and Cu(II). Therefore, CSAX has some certain advantages in treating toxic metals effluent which contains both heavy metals and turbidity. Table 4 lists a comparison of maximum adsorption capacity of Cu(II) with various xanthate adsorbents. It can be seen that ISX and CSAX have much higher adsorption capacity of 466.877 and 2229.856 mg/g for Cu(II), indicating that they have a significant potential for removal of Cu(II) from aqueous solutions.
CONCLUSIONS
In summary, based on the results of the present comparative investigation between ISX and CSAX, following conclusions were obtained. 1) Both ISX and CSAX can remove Cu(II) from aqueous solutions. The removal efficiency of Cu(II) onto CSAX was determined by the contents of N and S while that of ISX was only related with the content of S. The absorption capacity of CSAX was much bigger than that of ISX while the removal efficiency of ISX was higher than CSAX.
2) The adsorption efficiency of Cu(II) onto CSAX and ISX increased with the increased dosage. Their adsorption kinetic process was well predicted by the pseudo-second-order model. Their equilibrium adsorption data fitted well with the Freundlich and D-R isotherm models, and the 1/n value for Freundlich isotherm showed that Cu(II) were favorably adsorbed by the CSAX or ISX.
3) The physical process and ions exchange process both contributed to the adsorption of Cu(II) onto CSAX, whereas the adsorption mechanism of Cu(II) for ISX was mainly the ion exchange.
4) Turbidity was favorable for the Cu(II) removal by CSAX. CSAX seems to be a worthwhile alternative to the traditional ISX in the process of treating wastewater containing both copper ions and turbidity.
